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Naturally infested paddy rice was used to compare the effectiveness of polypropylene bags and hermetic
storage containers over 12 months of storage in a warehouse. Insect pest identification as well as the
infestation level, percentage of damaged grain, weight loss, and moisture content were evaluated. Five
insect species associated with stored rice were identified during the storage period, namely lesser grain
borer (Rhyzopertha dominica), red flour beetle (Tribolium castaneum), rice/maize weevil (Sitophilus spp.),
angoumois grain moth (Sitotroga cerealella) and flat grain beetle (Cryptolestes ferrugineus). The lesser
grain borer was the most predominant species with an average incidence above 70% after twelve months
of storage, followed by the rice/maize weevil with an incidence of 17%. When compared to hermetic
storage containers, polypropylene bag showed the highest mean infestation level with 233.3 individuals/
kg after six months of storage, representing about 8-fold of the number of insects recorded in hermetic
containers after six months of storage. In polypropylene container, the percentage of damaged grain and
weight loss increased significantly achieving a maximum of 6.98% and 5.56% respectively, whereas using
hermetic containers the highest percentage of damaged grain reached was 3.24% in polyethylene drum
and the weight loss was 1.62% in GrainSafe bag. The results from the study show that the use of hermetic
storage containers is a green alternative for safe storage of paddy rice, for 12 months without application
of pesticides, bringing multiple advantages for smallholder farmers, lever food security and income
generation for smallholder farmers and rice milling companies.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
The agriculture sector in sub-Saharan Africa is dominated by
small-scale farmers producing for their subsistence, with occa-
sional surplus sold on local markets. Farmers in these countries
regularly store their grains in traditional polypropylene bags placed
in granaries made from local material such as bamboo, straw, mud,
amongst others, due to its convenience and lower cost compared to
improved storage structures. However, for long-term storage, these
facilities are not effective against the major pests of cereal crops,enha).mainly under high temperature and relative humidity regimes,
typical of tropical regions, which may shorten the insect’s life cycle,
resulting in increased insect populations (Van Dyck et al., 2015;
Phophi et al., 2020). To avoid losing their grain to pests on storage,
farmers sell the grain just after harvest (Tefera et al., 2011a) when
themarket prices are low, but have to buy the grain at higher prices
later when they are out of stock.
Rice is a staple food for more than half of the world’s population
and supplies over 20% of dietary calories consumed in the world
(Prasad et al., 2014). In Mozambique, rice is considered a strategic
crop where it is expected to contribute to the reduction of food
insecurity, mainly in rural areas. The Government of Mozambique
adopted the Green Revolution Strategy in 2007, and from this, the
Strategic Plan for the Development of the Agricultural Sector
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developed to promote food security in the country. PARPA and
PEDSA emphasize the need to reduce the gap existing between rice
import and internal supply. According to a report from Bank of
Mozambique, from 2015 to 2018, national rice production increased
from375 305 to 412 552metric tonnes, representing a 10% increase,
whereas, for the same period, rice import almost doubled, from
749 775 to 1142 951 metric tonnes, representing an increase of the
national deficit from 49.9% to almost 63.9% (Banco de Moçambique,
2019). Rice is mostly produced by smallholder farmers under
rainfed conditions using traditional varieties with low use of inputs.
Consequently, the average rice yield in Mozambique has been
estimated to be around 1.0 ton/ha in the last three decades (Kajisa
and Payongayong, 2011; Guenha et al., 2014), which is lower than
the average in sub-Saharan Africa estimated at 2.1 ton/ha
(Tsujimoto et al., 2019). In addition, a significant amount of rice
grain is lost during storage, reducing the interest of this crop to
smallholder farmers (Guenha et al., 2014).
In the southern region of Mozambique, most of the farmers
usually do not store paddy rice for a long period, using it as a cash
crop, and selling immediately after harvest, thus receiving a low
price for their produce. On the other hand, the mill company is not
able to keep the grain for an extended period as jute and poly-
propylene bags are used for storage. The company capacity to
process the grain depends on the demand in local markets, and
often the grain is kept with the husk for an entire agricultural
season, which is prone to damage by insects.
During storage, paddy rice is attacked by many insect pests
including angoumois grain moth [Sitotroga cerealella (Olivier)
(Lepidoptera, Gelechiidae), lesser grain borer [Rhyzopertha
dominica F. (Coleoptera, Bostrichidae)], rice/maize weevil [Sitophi-
lus spp. (Coleoptera, Curculionidae) and red flour beetle [Tribolium
castaneum (Herbst) (Coleoptera, Tenebrionidae)] (Guenha et al.,
2014). In addition to direct quantity and quality losses, insect
attack is also associatedwithmycotoxin contamination through the
distribution of fungal inocula and creation of conditions that favour
fungal growth and proliferation during storage (Milani, 2013).
Synthetic pesticides are effective against insects and are important
in reducing the level of losses during grain storage (Kumar and
Kalita, 2017). Nevertheless, the use of these products poses some
limitations due to their high cost, development of insect resistance,
chemical residues in food and environmental contamination
(Tapondjou et al., 2002; Silva et al., 2019). Furthermore, synthetic
pesticides are effective for a certain period after application, mak-
ing them not suitable for smallholder farmers in developing
countries where open storage facilities are predominant and can
allow insect pest re-infestation.
Cost-effective and non-chemical technologies have the potential
to contribute to the reduction of grain losses during storage and
increase the farmers’ livelihood. The hermetic system is an alter-
native for using synthetic pesticides in grain protection during
storage of small and large quantities, providing economic and
environmental benefits (Villers et al., 2006; Villers et al., 2008). This
technology creates an environment depleted in oxygen and rich in
carbon dioxide due to the respiration of the biotic part of the grain
(insects, aerobic microorganisms, and the grain itself) leading to
insect inactivity and eventual death by suffocation (Moreno-
Martinez et al., 2000; Guenha et al., 2014; Njoroge et al., 2014;
Kumar and Kalita, 2017) and desiccation due to inadequate water
supply as a result of oxygen depletion (Murdock et al., 2012).
Moreover, the oxygen depleted and carbon dioxide rich environ-
ment reduces the development of aerobic fungi, production of
mycotoxin and reduces grain metabolic activity leading to its
preservation (Lêda et al., 2009). Ng’ang’a et al. (2016) reported a
decrease in aflatoxin production ability of Aspergillus flavus Linkwhen maize was stored at a moisture content below 14% in her-
metic conditions.
Various hermetic technologies, including metal silos, PICS bags,
polyethylene drums, GrainPro GrainSafe bags and GrainPro Super
Grain Bags, have been developed and promoted in many African
countries. Previous studies have shown that high-density poly-
ethylene drums and GrainSafe bags are effective in controlling in-
sect multiplication and reducing grain damage in maize and wheat
under smallholder farmers conditions in Africa (Abass et al., 2018;
Walker et al., 2018; Kalsa et al., 2019). High-density polyethylene
drums can also protect the grain against rodents during storage,
have a lifespan of over 15 years, representing a good investment for
farmers. The use of Super Grain Bag for rice storage in Mozambique
was previously evaluated by Guenha et al. (2014) using simple and
duplicated bags. It was reported that, when compared to poly-
propylene bags, Super Grain Bags can reduce losses by around 10-
fold over six months’ storage period. However, the fact that some
farmers, including processing companies, store their grain for at
least nine months prompts the need to evaluate polypropylene
bags and Super Grain Bag under climatic conditions inMozambique
for a longer period. Therefore, this study aims to evaluate the
effectiveness of hermetic containers to preserve rice quality during
storage. The technologies have the potential to reduce postharvest
losses (PHL) at farmer’s level and contribute to improved food and
nutrition security in Mozambique, where rice is a staple.
2. Material and methods
2.1. Site description and trial timing
The experiment was conducted in Umbeluzi Agricultural Sta-
tion, Institute for Agrarian Research of Mozambique (IIAM), Boane
District. Boane District is located in the South of Maputo Province
and borders in the North with Moamba District in the West and
Southeast with Namaacha District in the South and Southeast with
Matutuine District and the East with Matola Municipality (Fig. 1). It
is a district with a dry tropical climate, with two well-defined
seasons, the dry season (between April and September) and the
rainy season (between October and March). The average annual
temperature is 23.7 C and the average annual precipitation is
around 752 mm (Matule and Macarringue, 2020). June and July are
the coldest months, whereas January and February are the hottest
months in the district. The average annual relative humidity is
80.5%, with a maximum of 86.0% in July and a minimum of 73.5% in
November (Tandane, 2015). The experiment was conducted for one
year, from February 2016 to February 2017.
2.2. Paddy origin and variety
The paddy used in the experiment was obtained from rice mill
company Inacio de Sousa, Lda, in Manhiça district, Maputo province,
Mozambique. The rice variety used was ITA 312 and was produced
by smallholder farmers in 2015/2016 agricultural season. This va-
riety is one of the most cultivated in Mozambique, mainly in the
southern region.
2.3. Treatments
Five storage containers were evaluated: 1) Traditional poly-
propylene bags (control - PP), filled with 50 kg of paddy grain; 2)
Super Grain Bags (SGB), filled with 50 kg; 3) Polyethylene Drums
(PD), filled with 210 kg; 4) Polyethylene Silo Tanks (PST), filled with
750 kg; and 5) GrainSafe bags (GB), filled with 1000 kg.
Super Grain Bags and GrainSafe bags were manufactured by
GrainPro, Inc., based in the United States of America. The
Fig. 1. Location of paddy rice storage experiment site.
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locally by Plastex Lda (Mozambique) and are originally used for
water storage. The polyethylene silo tank was adapted by
increasing the outlet hole to facilitate rice paddy outflow. The
material used for polyethylene containers has GRAS (Generally
Recognized as Safe) status, according to the Ministry of Health of
Mozambique.
Storgard WB probe traps (Trece, Inc., Oklahoma, USA) were
placed in the middle of all storage containers. A total of 6180 kg of
paddy rice were used in the experiment, and all the containers
were replicated three times. For protection against puncture and
damage, Super Grain Bag was placed into the traditional poly-
propylene bag, as recommended by the manufacturer. The bags
were randomly kept on pallets inside the warehouse at ambient
conditions, in a randomised complete design. Glue traps were
placed surrounding the experiment for rodent management.2.4. Grain sampling
Grain sampling was conducted using the methodology
described by Webley (1985). According to the author, when the
number of bags containing cereals in a store is between 10 and 100,
about 10 bags should be sampled for analysis. Therefore, before
filling the storage containers, ten bags of 75 kg, containing the
paddy rice, were randomly selected, from a universe of 88 bags to
determine the initial degree of insect infestation, damaged grain,
and grain moisture content. During the experiments, samples were
taken every three months from the storage containers for labora-
tory analysis. Several samples were taken in three points, top,
middle and bottom using double tube sampling spears. Same size
sampling probes were used for all the storage containers. About
400 g of six subsamples were taken and mixed thoroughly total-
izing 2.4 kg, from which a final working sample of 1.0 kg was ob-
tained using coning and quartering method, as described by
Webley (1985). Briefly, after thoroughly mixing the grain a cone
was formed in a flat surface. The cone was then flattened and
divided into two equal halves which were also halved afterwards.
Two diagonally opposite quarters of the grains were removed fromthe working area, and the remaining grain was mixed, and
weighed. This process was repeated until 1 kg of the grain was
obtained.
The following data was gathered during the experiment:
infestation level, percentage of damaged grain, weight loss and
grain moisture content. The StorgardWB probe traps were emptied
in every sampling and replaced in the containers. Samples were
transported from the experimental site to the laboratory in airtight
plastic packaging to preserve their integrity.
2.5. Insect population and damage assessment
2.5.1. Mean insect density
Insects were collected in a composite sample of 1.0 kg, identified
and counted using standard approaches. Damaged paddy rice was
opened to remove insects lodged inside. Insect density, referred to
the number of insects per kilogram of paddy rice, was calculated by
dividing the number of adult insects (live and dead altogether) by
the grain sample weight.
Adult insects in StorgardWB probewere also counted by species
and reported for each treatment.
2.5.2. Grain damage and weight loss
The weight loss was estimated using count and weight method
proposed by Adams and Schulten (1978). For each test, three rep-
licates of 1000 grains were taken randomly from the laboratory
sample. The grain was sieved and winnowed to removed foreign
material and dust. After cleaning, the samples were visually
examined using a hand magnifier and separated into two cate-
gories: (i) damaged grain by insects (grains with hole or burrow)
and (ii) undamaged grain, and each category was counted and
weighed. The weight loss and the percentage of damaged grains
were calculated using the following formula:
% weight loss¼ðabÞ  ðcdÞ
aðdþ bÞ 100
% damaged grains ¼ d/a
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damaged grain, c the weight of damaged grains, d the number of
damaged grains and e the total number of grains.
2.6. Paddy rice moisture content
Paddy moisture content was determined according to the ISO-
712:2009 Cereals and cereal products e Determination of mois-
ture content e Reference method (Guenha et al., 2014). Two sub-
samples of 5 ± 0.001 g were used from each replicate. The sam-
ples were dried in an oven for 24 h at 105±3 C, and then
reweighed. The moisture content was calculated using the
following equation:
mc ¼ðWwWdÞWd
where mc is moisture content, Ww is wet weight and Wd is dry
weight.
2.7. Temperature and relative humidity monitoring
During the experiment, the temperature and relative humidity
were continuously monitored inside the storage containers, by
placing data loggers in the middle of the containers, and in the
warehouse environment, using data loggers HOBO UX100-011 and
HOBO UX120-006 M (Onset Hobo® Data Loggers, MA, USA). The
data logger sensors have an accuracy of ±0.21 C for temperature
and ±2.5% for relative humidity. The sensors were placed in
different points of the storage containers, top, bottom and in the
middle, and mean values were used for analysis. Three sensors
were used in each structure, which were set to collect data at 1-h
interval.
2.8. Data analysis
The data were expressed as mean ± standard error (SE).
Microsoft Excel and SPSS 20.0 software were used for data analysis.
The significance of observed differences was evaluated by two-way
factorial ANOVA analysis. When significant differences were
observed, Tukey’s HSD mean separation test under 95% confidence
limits was used to separate the treatment means. Correlation an-
alyses were done using the Pearson Product-Moment Correlation
Coefficient.
3. Results
3.1. Insect species identified and mean density
3.1.1. Insects species
The mean number of different species of insects captured per kg
of paddy is presented in Table 1. Five species were identified over
the storage period, namely lesser grain borer (R. dominica), red flour
beetle (T. castaneum), rice/maize weevil (Sitophilus spp.), angou-
mois grain moth (S. cerealella) and flat grain beetle [Cryptolestes
ferrugineus (Stephens)].
3.1.2. Mean insect density
The lesser grain borer was the most predominant species
throughout the storage period with an incidence of about 71% at
twelfth month, followed by the rice/maize weevil with an inci-
dence of 17% (Table 1). Sitotroga cerealella were the least predom-
inant species in all hermetic containers, with densities below 2
individuals/kg after six months of storage. From the sixth month to
the end of the trial at twelfth month, S. cerealellawere not detectedin any hermetic container. In polypropylene bag, the highest den-
sity of S. cerealella was observed after six months of storage, with
23.3 individuals/kg, a 2-fold increase compared to the initial den-
sity. The flat grain beetle was only present in polypropylene bags in
the sixth month of storage and with an incidence of 2.1%.
At the beginning of the experiment, the number of total insects
in the paddy was 87.2 individuals/kg. There were significant dif-
ferences (P < 0.001) between polypropylene bags and hermetic
containers in the number of insects over the storage period. After
three months of storage, the number of insects in polypropylene
bags increased by 48%, which was a significant increase when
compared to the initial infestation level (F4,69 ¼ 11.38; P < 0.0001)
and was different from all the hermetic storage containers. For
grain stored hermetically, the number of insects reduced signifi-
cantly in the first three months of storage, and there were also
significant differences among the hermetic containers (F4,69 ¼ 10.7;
P < 0.05). The lowest number of insects after three months of
storage was observed in the grain held in polyethylene drum,
reducing the initial infestation by 77.3%. The GrainSafe bag showed
the least reduction of the insect population among the hermetic
containers, with 48% reduction of the initial population of insects.
After six months of storage, the number of insects in poly-
propylene bag increased by 80% compared to previous sampling
period (F4,69 ¼ 27.79; P < 0.001). On the contrary, except for Safe-
Grain bag, the average number of insects in hermetic containers
remained stable in the same period, and no significant differences
were observed among them (F4,69 ¼ 14.32; P ¼ 0.26). In the Safe-
Grain bag, the number of insects reduced by about 2-fold after six
months of storage, compared to the previous sampling period. After
twelve months of storage, the initial infestation level in hermetic
containers was reduced by 57%e72%, with an average of 66%
reduction level. Overall, all the hermetic containers were effective
in reducing the proliferation of insects along the storage period.
After three months of storage, the number of insects in probes
did not differ significantly in all the storage containers (F3,59 ¼ 2.87;
P¼ 0.08) (Table 2). However, a significant increase in the number of
living insects was observed in polypropylene bag, achieving 122.00
insects/probe after six months of storage (F3,59 ¼ 37.46; P < 0.0001),
and from there onward it remained stable and different from all the
hermetic containers. Polyethylene drum, polyethylene silo tank,
and Super Grain Bag were not significantly different from each
other from the sixth months of storage and kept the number of
living insects inside the probes stable over the storage period. On
the other hand, although not significant, an increase in the number
of living insects occurred in the grain stored in GrainSafe bag,
achieving 43 insects/kg at the end of the storage period. However, it
is important to note that the number of insects in GrainSafe bagwas
still 3-fold lower than that observed in polypropylene bag. The
relative abundance of different species inside the probes was
similar to that observed inside the storage containers. Therefore,
only the total number of insects is reported for probes.
3.2. Grain damage and weight loss
At the beginning of the experiment, 1.73% of the grain was
damaged. There were significant differences in the percentage of
damaged grain between polypropylene bags and hermetic con-
tainers over the storage period (F4,69¼ 18.61; P < 0.001) (Fig. 2). The
percentage of damaged grain increased significantly in the first six
months of storage in polypropylene bag, an increase by over 300%,
which represents the maximum increase for this structure
(F4,69 ¼ 91.67; P < 0.001). Surprisingly, a declining trend was
observed in damaged grain in polypropylene bags after the sixth
month of to the termination of the trial. The polyethylene drum also
recorded a significant increase of damaged grain in the first six
Table 1
Mean total number of insect species identified in different storage containers and the respective percentage abundance over 12 months of storage (mean ± SE).
Storage period (months) Storage structure Insect species (number of insects/kg)
R. dominica Sitophilus spp. T. castaneum S. cerealella C. ferrugineus Total
0 62.6 ± 1.1 7.6 ± 1.1 4.8 ± 0.5 12.2 ± 1.1 0.0 ± 0.0 87.2 ± 5.5
% 71.8 8.7 5.5 14.0 0.0 -
3 PP 92.3 ± 8.3 A 28.7 ± 6.9 A 6.3 ± 2.2 A 2.0 ± 0.0 A 0.0 ± 0.0 129.3 ± 11.9 Ab
SGB 18.7 ± 2.1 CD 9.3 ± 2.0 B 7.3 ± 1.5 A 0.0 ± 0.0 B 0.0 ± 0.0 35.3 ± 2.9 Ba
PD 11.7 ± 3.4 D 1.7 ± 0.3 C 4.7 ± 0.3 A 1.7 ± 0.7 A 0.0 ± 0.0 19.8 ± 2.2 Cb
PST 22.3 ± 5.0 C 9.7 ± 2.9 B 0.3 ± 0.3 B 0.3 ± 0.3 A 0.0 ± 0.0 32.6 ± 4.5 Ba
GB 31.3 ± 8.0 B 9.0 ± 2.9 B 5.0 ± 0.5 A 0.0 ± 0.0 B 0.0 ± 0.0 45.3 ± 6.7 Ba
Total 221.6 ± 13.1 49.4 ± 4.0 23.6 ± 1.1 4.0 ± 0.4 0.0 ± 0.0 298.6 ± 19.0
% 74.2 16.6 7.9 1.3 0.0 -
6 PP 167.0 ± 10.3 A 19.7 ± 1.1 A 16.3 ± 1.4 A 23.3 ± 5.8 A 7.0 ± 1.7 A 233.3 ± 27.0 Aa
SGB 12.7 ± 1.9 B 4.0 ± 0.9 B 8.3 ± 0.5 B 2.0 ± 1.0 B 0.0 ± 0.0 B 28.0 ± 2.0 Ba
PD 13.0 ± 2.9 B 3.3 ± 0.3 B 4.7 ± 2.7 B 1.7 ± 0.7 B 0.0 ± 0.0 B 22.7 ± 2.2 Bab
PST 14.0 ± 4.6 B 2.0 ± 0.9 B 7.3 ± 4.8 B 1.3 ± 0.7 B 0.0 ± 0.0 B 24.6 ± 2.5 Bab
GB 15.3 ± 3.8 B 3.0 ± 0.9 B 6.3 ± 2.0 B 1.0 ± 0.5 B 0.0 ± 0.0 B 25.6 ± 2.7 Bb
Total 222.0 ± 27.4 32.0 ± 3.0 42.9 ± 1.8 29.3 ± 3.9 7.0 ± 1.5 333.2 ± 37.2
% 66.6 9.6 12.9 8.8 2.1 -
9 PP 155.0 ± 34.2 A 29.7 ± 3.1 A 10.7 ± 1.8 A 20.0 ± 0.5 A 0.0 ± 0.0 217.2 ± 30.9 Aa
SGB 18.3 ± 0.3 B 3.7 ± 0.5 B 5.3 ± 1.0 B 0.0 ± 0.0 B 0.0 ± 0.0 27.3 ± 3.8 Ba
PD 15.3 ± 1.0 B 2.0 ± 0.8 B 7.3 ± 1.7 B 0.0 ± 0.0 B 0.0 ± 0.0 24.6 ± 3.2 Bab
PST 11.3 ± 1.9 B 0.3 ± 0.3 C 7.3 ± 1.7 B 0.0 ± 0.0 B 0.0 ± 0.0 18.9 ± 2.6 Bb
GB 13.3 ± 1.2 B 0.3 ± 0.0 C 11.0 ± 1.4 B 0.0 ± 0.0 B 0.0 ± 0.0 24.6 ± 3.3 Bb
Total 213.2 ± 25.1 36.0 ± 5.1 41.6 ± 1.0 20.0 ± 3.6 0.0 ± 0.0 310.8 ± 34.6
% 68.6 11.6 13.4 6.4 0.0 -
12 PP 193.3 ± 62.0 A 37.4 ± 5.3 A 28.0 ± 13.2 A 0.0 ± 0.0 0.0 ± 0.0 258.7 ± 35.7 Aa
SGB 21.7 ± 2.3 B 11.3 ± 7.6 B 4.7 ± 1.1 B 0.0 ± 0.0 0.0 ± 0.0 37.7 ± 4.0 Ba
PD 20.3 ± 2.4 B 2.0 ± 1.6 C 7.3 ± 4.5 B 0.0 ± 0.0 0.0 ± 0.0 29.6 ± 4.4 Ba
PST 19.3 ± 2.2 BCE 1.7 ± 1.4 C 5.3 ± 1.0 B 0.0 ± 0.0 0.0 ± 0.0 26.3 ± 4.4 Bab
GB 12.3 ± 2.4 C 10.3 ± 3.4 A 2.0 ± 1.6 B 0.0 ± 0.0 0.0 ± 0.0 24.6 ± 2.6 Bb
Total 266.9 ± 41.0 62.7 ± 31.3 47.3 ± 5.8 0.0 ± 0.0 0.0 ± 0.0 376.9 ±
% 70.8 16.6 12.6 0.0 0.0 -
PP ¼ polypropylene bag; SGB ¼ Super Grain Bag; PD ¼ polyethylene drum; PST ¼ polyethylene silo tank; GB ¼ SafeGrain bag. Means followed by different letters (uppercase
letter for storage containers in the same period and lowercase letter for different periods in the same storage structure) are significantly different (p < 0.05).
Table 2
Mean number (±SE) of live insects in each storage container (insects/probe) over 12 months of storage (mean.
Storage structure Storage period (months)
3 6 9 12
PP 45.3 ± 4.3 Aa 122.0 ± 3.8 Ab 114.3 ± 6.4 Ab 112.3 ± 7.9 Ab
SGB 14.7 ± 4.4 Aa 10.3 ± 2.2 Ba 13.7 ± 3.8 Ba 11.67 ± 3.8 Ba
PD 6.7 ± 2.8 Aa 6.7 ± 2.7 Ba 5.3 ± 0.3 Ba 7.33 ± 2.7 Ba
PST 37.3 ± 17.6 Aa 4.00 ± 2.1 Bb 4.33 ± 2.0 Bb 3.67 ± 2.2 Bb
GB 26.3 ± 9.0 Aa 38.67 ± 19.4 Ca 41.00 ± 18.5 Ca 43.00 ± 21.1C a
PP ¼ polypropylene bag; SGB ¼ Super Grain Bag; PD ¼ polyethylene drum; PST ¼ polyethylene silo tank; GB ¼ GrainSafe bag. Means followed by different letters (uppercase
letter in column and lowercase letter in line) are significantly different (p < 0.05).
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(F4,69 ¼ 17.94; P < 0.05). However, the percentage of damaged grain
in the latter structure was less than half of that recorded in poly-
propylene bag. All the other containers (Super Grain Bag, poly-
ethylene silo tank and GrainSafe bag) were effective in preventing
the damage of paddy rice grain by insects over 12 months of stor-
age, where the increase ranged from 47% to 6%, with an average of
32.5%. Therefore, despite a high initial insect infestation level,
hermetic storage containers were able to maintain the grain dam-
age level stable along the storage period by controlling insects’
multiplication.
The highest percentage of loss was observed in polypropylene
bag after six months of storage, with an increase by 3-fold of the
weight loss registered in the same structure after three months of
storage (Fig. 3). However, the weight loss in polypropylene bagdecreased by around 50% from sixth to ninth month of storage. All
the hermetic containers maintained the grain weight stable in the
first six months of storage and did not differ significantly among
each other. However, from six to ninemonths of storage, theweight
loss increased significantly by 38% and 30% in Super Grain Bag and
polyethylene silo tank respectively but remained stable in the last
three months of storage. For all storage containers, we did not
observe a significant increase in weight loss in the last three
months of storage. There was a significant positive relationship
between the insect infestation level and the percentage of damaged
grain (r ¼ 0.83, P < 0.001), and between the insect infestation level
and the percentage of weight losses (r ¼ 0.85, P < 0.001).
Means followed by different letters (uppercase letter for periods
considering the same storage structure and lowercase letter for
storage containers in the same period) are significantly different
Fig. 2. Percentage of grain damaged in polypropylene bag (PP), Super Grain Bag (SGB), polyethylene drum (PD), polyethylene silo tank (PST) and GrainSafe bag (GB) over 12 months
of storage. Means followed by different letters (uppercase letter for periods considering the same storage structure and lowercase letter storage containers in the same period) are
significantly different (P < 0.05).
Fig. 3. Percentage of weight loss in polypropylene bags (PP), Super Grain Bags (SGB), polyethylene drum (PD), polyethylene silo tank (PST) and GrainSafe bag (GB) over 12 months of
storage.
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Themeanmoisture content of paddy rice at the beginning of the
experiment was 11.1%. Variations in moisture content were
assessed at 3-months interval basis. There was a significant
(F4,69 ¼ 10.92; P < 0.0001) increase in the moisture content of grain
stored in polypropylene bag (PB), Super Grain Bag (SGB) and
polyethylene silo (PST) after sixmonths of storage (Table 3), by 9.1%,8,1% and 10.8% respectively. Under the same storage period, the
grain stored in GrainSafe bags recorded the lowest moisture con-
tent, with a decrease by 9% compared to the initial moisture con-
tent. No significant change was observed in the moisture content of
the grain stored in polyethylene drum (PD) over the storage period
(F4,69 ¼ 3.08; P ¼ 0.06). Regarding the treatments at the same
period of storage, we observed significant differences (F5,69 ¼ 3.15;
P < 0.05) among the storage containers only in the ninth month of
storage. At this period, GrainSafe bag showed the lowest moisture
content, with 10.1%, while all the other containers showedmarginal
Table 3
Mean value (±SE) of moisture content of paddy rice stored in different storage containers over 12 months (n ¼ 3).
Storage containers Storage period (months)
0 3 6 9 12
PP 11.1 ± 0.1 Aa 11.9 ± 0.2 Abc 12.1 ± 0.0 ABb 10.8 ± 0.2 Aa 11.4 ± 0.2 Aac
SGB 11.1 ± 0.1 Aa 11.0 ± 0.3 Aa 12.0 ± 0.1 ABb 10.8 ± 0.2 Aa 11.3 ± 0.2 Aa
PD 11.1 ± 0.1 Aa 10.6 ± 0.6 Aa 11.7 ± 0.2 Aa 10.6 ± 0.2 Aa 11.1 ± 0.2 Aa
PST 11.1 ± 0.1 Aa 11.1 ± 0.3 Aa 12.3 ± 0.1 Bb 10.9 ± 0.2 Aa 11.2 ± 0.2 Aa
GB 11.1 ± 0.1 Aa 11.5 ± 0.0 Ab 10.1 ± 0.0 Cc 10.5 ± 0.2 Ad 1.3 ± 0.1 Aa
PP¼ polypropylene bag; SGB¼ Super Grain Bag; PD¼ polyethylene drum; PST¼ polyethylene silo tank; GB¼ GrainSafe bag. Means followed by different letters (capital letter
in column and lowercase letter in line) are significantly different (p < 0.05).
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(r ¼ 0.15, P ¼ 0.535) between the grain moisture content and the
relative humidity in the inter-granular spaces of all the storage
containers under evaluation. It is worth noting that, after 12
months of storage, the moisture content in all the storage con-
tainers remained below 13%.
3.4. Temperature and relative humidity
The variation of temperature was similar in all the containers
under evaluation (Figs. 4 and 5). The data represent the mean
values from the middle, bottom and top of the storage containers.
The fifth month (Jun-16) corresponded to the coolest period of the
year (peak of the winter in the region), while Feb-16 and Feb-17
(the beginning and the end of the experiment) were the hottest
months (peak of the summer). Regarding relative humidity, it was
observed that in polypropylene bag, the relative humidity in inter-
granular spaces showed fluctuations along the storage period, with
the lowest values of relative humidity in the winter (from the
fourth to the seventh month of storage). On the other hand, the
relative humidity slightly changed in all the hermetic storages, with
the lowest inter-granular relative humidity recorded in poly-
ethylene drum.
4. Discussion
The baseline grain samples before the experiment showed the
presence of insects, with 87.2 individuals/kg of paddy rice. Insects
can infest the grainwhen the crop is still on the field and continuesFig. 4. Variation in temperature in paddy rice stored in different storage containers o
PP ¼ polypropylene bag; PD ¼ polyethylene drum; PST ¼ polyethylene silo tank.their growth and multiplication during storage. Besides, before the
grain was used in the experiment, it was stored for five months in a
rice mill warehouse containing grain from previous agricultural
seasons, which may have resulted in cross-contamination of the
newly harvested grain. Therefore, although the experiment was
conducted for 12 months, the grain has been effectively stored for
17 months, which may potentially have any effect on the perfor-
mance of the tested storage containers. Grain stored shortly after
harvest and drying would have a lower infestation level. Thus, the
density of insects and the percentage of damaged grain and weight
loss would be lower than the reported in the present study. A
baseline study was conducted to assess the initial quality of the
grain before it was placed in different storage containers, and all the
conclusions made are based on the initial quality of the grain used.
The insects identified in this study, R. dominica, S. cerealella,
Sitophilus spp., T. castaneum, and C. ferrugineus, are key pest insects
in stored rice in tropical countries (Trematerra et al., 2004; Togola
et al., 2013) and were previously associated with rice storage un-
der polypropylene bags and Super Grain Bags at the same local
where this experiment was conducted (Guenha et al., 2014). During
the storage period, the population of R. dominica increased by 3-
fold compared to the initial density, while the population of Tri-
bolium spp. increased by 9-fold, representing the lowest and
highest increasing rate for all insects identified, respectively. Rhy-
zopertha dominica is an internal primary pest, with the ability to
attack intact grain resulting in scratched surfaces which can evolve
into deep holes (Pires and Nogueira, 2018), causing secondary
infestation by other pests. Due to its habit to develop inside the
grain, R. dominica reduces the head rice yield leading to substantialver 12 months of storage period. GB ¼ GrainSafe bag; SGB ¼ Super Grain Bag;
Fig. 5. Variation in relative humidity in paddy rice stored in different storage containers over 12 months of storage period. GB ¼ GrainSafe bag; SGB ¼ Super Grain Bag;
PP ¼ polypropylene bag; PD ¼ polyethylene drum; PST ¼ polyethylene silo tank.
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pests as generally, they do not feed on undamaged grain (Li and
Arbogast, 1991; Nansen et al., 2009; Nadeem et al., 2011). Thus,
the population Tribolium spp. tend to increase with an increase in
the level of grain deterioration (Waongo et al., 2019).
The population of S. cerealella almost doubled after six months
of storage in polypropylene bags, achieving the highest density of
23.3 individuals/kg, while it was the less predominant species in
hermetic containers with a density below 2 individuals/kg. Sito-
troga cerealella have been reported to be highly sensitive to CO2-
rich environments (Hashem and Reichmuth, 1994; Hashem et al.,
2014) such as those created within hermetic containers.
The number of insects in polypropylene bags increased signifi-
cantly after six months of storage, but a stable trend was observed
henceforth until the termination of the trial. On the other hand, the
hermetic storage containers were effective in reducing the prolif-
eration of insects along the 12 months of storage, resulting in lower
grain damage andweight loss. Therewere no significant differences
amongst hermetic containers in their efficacy to suppress insect
multiplication and mitigate grain damage and weight loss. Con-
tainers of different sizes were used in the present study. The Super
Grain Bag and polypropylene bags were the smallest both with
50 kg of paddy, whereas the SafeGrain bag was the largest with
1000 kg. Different container sizes may result in different micro-
environmental conditions and insect dynamic amongst the con-
tainers. However, the polyethylene drum, polyethylene silo tank
and SafeGrain bags were designed for high quantity and should be
tested considering their practical use. Using lower quantity in the
bigger containers could take longer to reach a significant decrease
in the concentration of oxygen and carbon dioxide accumulation as
a high oxygen volume would be available inside the containers.
Therefore, the containers were used to their full capacity.
The reduction in the number of insects in hermetic containers
after three months of storage is most likely a result of oxygen
consumption and carbon dioxide accumulation due to respiratory
metabolism of moulds, insects and the grain itself (Murdock et al.,
2012). The effectiveness of hermetic containers in preventing insect
proliferation during storage has been reported in several studies
(Guenha et al., 2014; Chigoverah and Mvumi, 2016; Walker et al.,2018; Kalsa et al., 2019). According to Villers et al. (2008) and
Navarro (2012), in hermetic storage, the grain can be stored for up
to 12 months without significant deterioration in the quality pa-
rameters, while by using polypropylene bags without pesticides,
the grain can be safely stored for only threemonths. However, if the
grain is stored with a high infestation, some insects such as
R. dominica are capable of perforating the hermetic bags leading to
the breakdown of hermeticity, and consequently, the containers
become ineffective (García-Lara et al., 2013; Groote et al., 2013). It is
common among smallholder farmers to put the freshly harvested
grain in the same warehouse with grain from previous harvest,
without cleaning the place. These places are often infested by in-
sects, which couldmake holes in the containers such as Super Grain
Bags and GrainSafe bags to access the inner grain making the
containers hermetically ineffective (Likhayo et al., 2016). However,
we did not observe any perforations due to insects or rodents in any
of the storage containers under evaluation. The store was thor-
oughly cleaned before the experiment to prevent cross-
contamination, and glue traps were used to manage rodents, and
this measure may have contributed to prevent bags perforation
during the trial.
Overall, a higher percentage of grain damage and weight loss
was observed in polypropylene bags when compared to the her-
metic storage system, and the highest values were recorded after
six months of storage. Contrastingly, only a marginal increase in
weight loss and grain damage were observed in grain held in her-
metic conditions. The percentage of grain damaged by insects in
polypropylene bags and polyethylene drum decreased from sixth to
the ninth month of storage. In polypropylene bags, the same trend
was observed for the percentage of weight loss. A decrease in grain
damage and weight loss during storage has been reported in pre-
vious studies (Tefera et al., 2011b; De Groote et al., 2013; Abass
et al., 2018; Tefera et al., 2018). It has been suggested that, at high
infestation levels, grain kernels are destroyed by insects. Destroyed
grains are not considered when counting the number of damaged
grains (distinguished by the presence of holes), resulting in an
underestimation of the percentage of grain damage and conse-
quently the weight loss level (Tefera et al., 2011b).
The present findings are consistent with numerous previous
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quality of several commodities for over six months (Sanon et al.,
2011; Hell et al., 2014; Baoua et al., 2016; Abass et al., 2018).
Weight losses during storage are mainly caused by insect feeding
on the grain and causing damage, but can also result on the fungal
attack and grain metabolic activities such as respiration, although
losses due to respiration are negligible in grain (Adhikarinayake
et al., 2006; Baoua et al., 2014). The regression analysis showed
that 72% of weight loss variation is explained by the insect density.
Insects can also depreciate the grain quality and reduce the grain
germination potential and vigour (Guenha et al., 2014). The her-
metic storage system reduces these losses by controlling insects’
growth and multiplication without the use of pesticides, making
this approach environmentally friendly and cost-effective.
Results from this study show that the hermetic containers under
analysis could be an alternative to protect rice grain in storage,
without the need to apply pesticides. These results suggest that the
use of hermetic containers can help to reduce food insecurity in
rural areas, where the majority of Mozambican leave. Polyethylene
silo tank and polyethylene drum have an additional advantage of
being resistance to rodent attacks and cannot be perforated by
insects both from in and outside the structure. Additionally, ac-
cording to the manufacturer company, the life span of these con-
tainers is over 15 years, if carefully handled. Therefore,
polyethylene silo tank and polyethylene drum could be essential for
smallholder farmers, as they need to invest once, representing a
long-term economic investment. However, both containers may
not be practical for storage of a large amount of paddy rice in mill
companies, since they cannot be pilled and the withdraw of rice for
processing may be time-consuming. Thus, for mill companies, the
use of Super Grain Bag and GrainSafe bag may prove the best op-
tion, as long as additional measures are taken to control rodents
and insects in the warehouse environment.
The initial moisture content of the paddy rice used in this
experiment was 11.13%. Although a significant increase was
observed after six months of storage in all containers, except
GrainSafe bag, the moisture content remained below the safe limit
recommended for long-term storage in Mozambique (13%). Her-
metic storage containers reduce the interaction between the
environment and the stored grain, limiting the variability of grain
moisture content if the storage container is properly sealed
(Williams et al., 2014; Mutambuki et al., 2019). In contrast, poly-
propylene bags allow a constant interaction between the grain and
the environment until an equilibrium is achieved. Therefore, when
the grain is stored in polypropylene bags, fluctuation in moisture
content is expected. In this study, the relative humidity in inter-
granular spaces in all hermetic containers remained stable during
the storage period, while fluctuations were recorded in poly-
propylene bags, which corroborates with previous studies
(Ng’ang’a et al., 2016; Lane and Woloshuk, 2017; Capilheira et al.,
2019). The polyethylene drum presented the lowest intergranular
relative humidity thorough the experiment, which is somehow
surprising. No sound explanation can be offered for these differ-
ences in relative humidity amongst the hermetic containers,
especially considering that all the storage containers were placed in
the same environment, the grain used had similar moisture con-
tent, and we did not register significant differences in the density of
insects amongst the hermetic containers. Nevertheless, we did not
find a significant relationship between the grain moisture content
in polypropylene bags and the relative humidity in the inter-
granular spaces (r ¼ 0.15, P ¼ 0.535).
Findings from this study corroborate with several previous re-
ports analysing the effect of hermetic storage in the grain moisture
content. For instance, Prasantha et al. (2014) reported an increase in
the moisture content of the paddy rice stored in super grain bagsafter nine months of storage, although this increase was lower than
that recorded in polypropylene bags. Other studies have shown that
moisture content of maize grain stored in hermetic containers
(such as PICS bags and metal silos) increased in log-term storage
while it decreased in polypropylene bags (Williams et al., 2014;
Ng’ang’a et al., 2016; Abass et al., 2018). Cellular respiration of in-
sects and grain inside the containers would result in the production
of oxygen, water and energy (Murdock et al., 2012). After depletion
of oxygen due to respiration, the insect activity and production of
water would stop (Abass et al., 2018). Nevertheless, intermittent
opening of the containers for grain sampling may have contributed
to the fluctuation of the grain moisture content in hermetic con-
tainers. In contrast to our findings, Baoua et al. (2016) did not report
any significant increase in themoisture content of paddy rice stored
in PICS bags for 18 months, whereas fluctuations of grain moisture
content occurred in non-hermetic storage containers. The dis-
crepancies in the moisture content behaviour for grain held in
hermetic and non-hermetic containers between different studies
may be attributed to the differences in the environmental condi-
tions in the experiment sites.
5. Conclusions
Hermetic and non-hermetic storage systems did not show dif-
ferences in the grain moisture content, and in both systems, the
moisture content remainedwithin the recommended range for safe
storage of paddy rice. The hermetic storage containers reduced the
number of live insects and maintained it stable over 12 months of
storage, while the traditional polypropylene bags prevented the
increase of insect population only in the first three months of
storage. Moreover, the hermetic systems minimized damage in
grain and kept the weight loss steady over the period under
analysis.
The present study suggests that the hermetic containers eval-
uated can be an alternative to preserve rice grain during 12 months
without a need to apply pesticides, reducing the level of grain
postharvest losses due to storage insect attack. Polyethylene silo
tank presents the additional advantage of having a longer life span
when compared to other containers with similar benefits in terms
of protecting the grain against insects by inhibiting their multipli-
cation and cross-contamination during storage. This structure can
be available in a diverse range of size, from 150 kg to 750 kg ca-
pacity. Further studies are required to evaluate the effectiveness of
hermetic containers under analysis to minimize fungal growth and
to maintain the grain germination potential, as many smallholder
farmers in sub-Saharan African countries use grain from previous
harvests as seed.
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